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(54) Process for fabricating vertical transistors 

(57) A process for fabricating a vertical MOSFET 
device for use in integrated circuits is disclosed. In the 
process, at least three layers of material are formed se- 
quentially on a semiconductor substrate. The three lay- 
ers are arranged such that the second layer is inter- 
posed between the first and third layers (210, 220). The 
second layer is sacrificial, that is, the layer is completely 
removed during subsequent processing. The thickness 
of the second layer defines the physical gate length of 
the vertical MOSFET. In the process the first and third 
layers have etch rates that are significantly lower than 
the etch rate of the second layer in an etchant selected 
to remove the second layer. After the at least three lay- 
ers of material are formed on the substrate, a window 
or trench is formed in the layers. The window terminates 
at the surface of the silicon substrate (200) in which one 



of either a source or drain region (205) is formed in the 
silicon substrate. The window or trench is then filled with 
a semiconductor material (230). This semiconductor 
plug becomes the vertical channel of the transistor. 
Therefore the crystalline semiconductor plug is doped 
to form a source extension (232), a drain extension 
(233), and a channel region (260) in the plug. Subse- 
quent processing forms the other of a source or drain 
(235) on top of the vertical channel and removes the 
sacrificial second material layer. The removal of the sac- 
rificial second layer exposes a portion of the doped sem- 
iconductor plug. The device gate dielectric (250) is then 
formed on the exposed portion of the doped semicon- 
ductor plug. The gate electrode (265) is then deposited. 
The physical gate length of the resulting device corre- 
sponds to the deposited thickness of the second mate- 
rial layer. 




Printed by Jouve, 75001 PARIS (FR) 



1 



EP 0 989 599 A1 



2 



Description 

BACKGROUND OF THE INVENTION 
T chnical Field 

[0001] The present invention is directed to a process 
for fabricating vertical transistors. 

Art Background 

[0002] In integrated circuits, there is a trend toward a 
higher device density to increase the number of devices 
per unit area. Device density is increased by making in- 
dividual devices smaller and placing the devices closer 
together. Device dimensions (termed feature size or de- 
sign rules) are decreasing from 0.25 urn to 0.18 urn and 
beyond. It is also desired to decrease the distance be- 
tween devices in a commensurate fashion. 
[0003] Currently, most MOS (metal oxide semicon- 
ductor) transistors have a planar configuration-. In a pla- 
nar MOS device, the direction of the current flow is par- 
allel to the plane of the substrate surface. Although there 
is a need to decrease the size of these devices to 
achieve increased device density, fabricating these 
small devices becomes increasingly difficult. In particu- 
lar, lithography becomes extremely difficult as device di- 
mensions decrease to less than the wavelength of the 
radiation used to delineate an image of a pattern in a 
radiation-sensitive material. 

[0004] A vertical device configuration, described in 
Takato, H., et aL, "Impact of Surrounding Gate Transis- 
tor (SGT) for Ultra-High-Density LSI's" IEEE Transac- 
tions on Electron Devices , Vol. 38 (3), pp. 573-577 
(1991) . has been proposed as an alternative to the more 
space-consuming planar device configuration. A sche- 
matic of the device is illustrated in FIG. 1 . The device 
1 0 has a source 1 5, drain 20, and channel 25. The length 
of the channel 25 is perpendicular to the surface of the 
substrate 30 on which the device .10 is formed. The de- 
vice is called a vertical transistor because the length of 
the channel is perpendicular to the substrate surface. A 
gate 35 surrounds the channel 25. 
[0005] Although vertical MOSFETs (metal oxide sem- 
iconductor field effect transistors) can be packed more 
densely than planar MOSFETs, the processing issues 
for the vertical transistors are not trivial. A process that 
makes it easier and more efficient to fabricate vertical 
MOSFETs is therefore desired. 

SUMMARY OF THE INVENTION 

[0006] The present invention is directed to a process 
for fabricating a vertical MOSFET. In the process, a first 
layer of an electrically insulating material.'e.g. silicon ni- 
tride (Si 3 N 4 ), is formed on a semiconductor substrate. 
Examples of suitable semiconductor substrates include 
silicon substrates and silicon on insulator (SOI) sub- 



strates. The surface region of the silicon substrate has 
been heavily doped (i.e., a dopant concentration in ex- 
cess of 1 x 10 19 atoms/cm 3 of dopant). The first layer of 
insulating material has a thickness in the range of about 

5 25 nm to about 250 nm. The thickness of the first layer 
is selected so that the gate-source capacitance (C gs ) 
between the gate and the source or drain (depending 
upon which of the source or the drain is formed in the 
substrate) is sufficiently low. This consideration favors 

10 a thickness within the higher portion of the above-de- 
scribed range. The thickness of the first layer is also se- 
lected so that the series resistance of the source/drain 
extension is sufficiently low and that outdiffusion from 
the heavily doped region of the substrate to form the 

15 source/drain extension is readily accomplished. These 
considerations favor a thickness within the lower portion 
of the above-described range. One skilled in the art will 
be able to select a suitable thickness based upon the 
above-described considerations, as well as other con- 

20 siderations that apply to specific embodiments. 

[0007] A second layer of material is formed over the 
first layer of material. However, the material of the sec- 
ond layer (e.g., silicon dioxide (Si0 2 )) has a significantly 
different etch resistance to a selected etchant than the 

25 insulating material of the first layer. 

[0008] Specifically, for the selected etchant, the etch 
rate of the material of the second layer is. much higher 
than the etch rate of the insulating material of the first 
layer. It is advantageous if the etch rate of the second 

30 layer of material in the selected etchant is at least about 
ten times faster than the etch rate of the first layer of 
material. For the selected etchant, the etch rate of the 
material of the second layer is also at least ten times 
faster than the etch rate of a semiconductor material in 

35 which the channel of the device is formed. Crystalline 
silicon is one example of such a semiconductor material. 
It is advantageous if the etch rate of the material of the 
second layer is at least 1 00 times faster than the etch 
rate of the semiconductor material. 

40 [0009] The thickness of the second layer of material 
is selected to define the physical gate length of the de- 
vice. This is because this second layer is sacrificial, i.e., 
it will be removed and the gate of the device will be 
formed in the space defined by this layer. Defining the 

45 gate length in this manner provides much better gate 
length control than is achievable using conventional lith- 
ographic techniques. 

[0010] A third layer of material is formed over the sec- 
ond layer. The material selected for the third layer is an 

50 electrically insulating material. It is advantageous if the 
insulating material in the third layer has a lower etch rate 
in the selected etchant than the material of the second 
layer. It is advantageous if the ratio of the etch rate, in 
the selected etchant, of the material in the second layer 

55 to the etch rate of the material in the third material layer 
is at least ten to one. From the standpoint of ease of 
processing, it is advantageous if the material of the first 
layer is the same as the material of the third layer. 
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[0011] A window or trench (referred to simply as a win- 
dow hereinafter) is then etched through the three-layer 
structure to the heavily-doped surface of the silicon sub- 
strate. The dimensions of the window are determined 
by the size constraints for the particular device and the 
limitations of the lithographic techniques used to form 
the window. The window is formed using conventional 
lithographic techniques. Specifically, a mask is formed 
over the three layer structure by forming a layer of an 
energy-definable material thereon and introducing an 
image of a pattern into the layer of energy-definable ma- 
terial therein. The pattern is then developed and the only 
portion of the three layer structure exposed through the 
mask is the portion that corresponds to the dimensions 
and placement of the desired window or trench. The win- 
dow is then etched into the three-layer structure. After 
the window is etched, the portions of the mask remain- 
ing on the substrate surface are removed using conven- 
tional expedients well known to one skilled in the art. 
[0012] The window is then filled with a semiconductor 
material. Although the semiconductor material is either 
crystalline, polycrystalline, or amorphous, typically the 
semiconductor material is a crystalline material such as 
silicon, silicon-germanium, or silicon-germanium-car- 
bon. The crystalline semiconductor material need not be 
uniform in composition. The crystalline semiconductor 
material is either doped or undoped. Techniques for 
forming crystalline semiconductor materials in windows 
are well known to one skilled in the art. For example, in 
one technique, the crystalline material is formed in the 
window or trench epitaxially. In another embodiment, an 
amorphous layer of the semiconductor material is de- 
posited on the substrate and all but the semiconductor 
material deposited in the window, and a small plug at 
the top of the window, is removed. The amorphous sem- 
iconductor material is then annealed to recrystallize the 
material (solid phase epitaxy). 

[0013] The channel of the device and the source and 
drain extensions of the device are formed in the semi- 
conductor (e.g. silicon) plug formed in the window. 
Therefore, the silicon plug is doped in certain regions. 
A variety of ways to dope the silicon plug are contem- 
plated as suitable. In one embodiment, a doped silicon 
plug is formed either in-situ during growth, by implanta- 
tion after the plug is formed, or by another suitable ex- 
pedient. Dopants of the opposite type can be driven into 
the plug from one or more of the adjacent multiple layers 
of material (i.e. the multiple layers of material in which 
the crystalline semiconductor-filled window is formed) 
to form the source and drain extensions. This technique 
is known as solid phase diffusion. In solid phase diffu- 
sion a doped oxide (e.g. silicon dioxide) is used as a 
dopant source. The silicon dioxide is doped with the de- 
sired dopant (e.g. arsenic, phosphorus, boron). At ele- 
vated temperatures, the dopant is driven from the doped 
oxide into the adjacent crystalline semiconductor mate- 
rial. This technique is advantageous because the doped 
area is defined by the interface between the plug and 



the layer of material used as the dopant source. This 
technique allows for the formation of self-aligned 
source/drain extensions (i.e. source and drain extension 
regions that are aligned to the gate). 
5 [0014] One skilled in the art is familiar with the manner 
in which dopants are introduced in situ as a layer of ma- 
terial is formed via chemical vapor deposition, and such 
techniques are not described in detail herein. Generally, 
the dopants are introduced into the atmosphere at the 
10 appropriate point in the deposition of the material so that 
the dopants are present in the desired place in the sili- 
con plug and at the desired concentration. In other em- 
bodiments, dopants are implanted in the channel after 
the channel is formed or diffused out from the heavily 
15 doped substrate into the bottom of the plug. 

[0015] After the doped silicon -(or other semiconduc- 
tor) plug is formed, a fourth layer of material is formed 
over the substrate. The layer of material has an etch re- 
sistance in the selected etch expedient that matches the 
etch resistance of the first and third material layers. It is 
advantageous, based on process considerations, for 
this layer of material to be the same as the third material 
layer. 

[0016] Another etch mask is formed over the sub- 
strate using conventional lithographic techniques. This 
etch mask is patterned so that the portion of the fourth 
material layer overlying the silicon plug and the portion 
of the fourth material layer adjacent to. the plug are not 
exposed through the mask. The resulting masked struc- 
ture is then anisotropically etched to the second material 
layer. As a result of the etch, the portion of the second 
layer underlying the unmasked part of the structure is 
exposed. The resulting structure is then isotropically 
etched. As a result of the etch and the difference in etch 
rate between the second material layer and the first and 
third material layers, the second material layer is com- 
pletely removed but the first material layer and the por- 
tion of the third/fourth material layers over and adjacent 
to the top of the silicon plug remain. As a result of this 
etch, the portion of the silicon plug that corresponds to 
the thickness of the second layer is exposed. The ex- 
posed portion of the silicon plug defines the gate length 
of the device being formed. 

[0017] The substrate is then subjected to conditions 
that grow a layer of thermal oxide on the exposed portion 
of the silicon plug. The layer of thermal oxide is then 
removed using conventional expedients such as a wet 
etch (e.g., aqueous hydrofluoric acid) or anhydrous hy- 
drofluoric acid. This sacrificial oxidation is done to repair 
sidewall defects. After the layer of thermal oxide is re- 
moved, a layer of gate dielectric (e.g. silicon dioxide or 
other suitable high dielectric constant materials) is 
formed on the exposed portion of the silicon plug. Ex- 
amples of other suitable gate dielectric materials include 
silicon dioxide, silicon nitride, silicon oxynitride and met- 
al oxides (e.g. tantalum pentoxide, titanium oxide, and 
aluminum oxide). The thickness of the gate dielectric 
ranges from about 1 nm to about 20 nm. The selected 



25 



30 



35 



40 



45 



50 



3 



5 



EP 0 989 599 A1 



6 



thickness will depend upon the dielectric constant of the 
dielectric material. 

[0018] In one embodiment, a gate dielectric layer of 
silicon dioxide is formed by heating the substrate to a 
temperature in the range of about 700°C to about 
1100°C in an oxygen-containing atmosphere. Both fur- 
nace oxidation and rapid thermal oxidation are contem- 
plated as suitable. Other expedients, such as chemical 
vapor deposition, jet vapor deposition, or atomic layer 
deposition are also contemplated as suitable forforming 
the gate dielectric. Conditions for forming a gate dielec- 
tric of the desired thickness are well known to one skilled 
in the art. 

[0019] A gate electrode is then formed by depositing 
a sufficiently conformal layer of a suitable gate material 
(e.g. in situ doped amorphous silicon) on the substrate. 
The layer is patterned and subsequently recrystallized 
to form the gate. The gate configuration is largely a mat- 
ter of design choice. However, the gate does surround 
the portion of the silicon plug with the gate oxide formed 
thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a schematic side view of a vertical 
transistor. 

[0021] FIG. 2A- 2J illustrates the process sequence 
of one embodiment of the present invention. 
[0022] FIG. 3A-3P illustrates the process sequence of 
a second embodiment of the present invention. 

DETAILED DESCRIPTION 

[0023] The present invention is directed to a process 
for fabricating a vertical transistor. In the process, mul- 
tiple layers of material are formed on the surface of a 
silicon substrate in which either a source region or a 
drain region for the device is formed. The multiple layers 
have different etch resistances in a selected etch expe- 
dient. One of the layers in the multiple layer structure is 
a sacrificial layer used to define the physical gate length 
of the device. Specifically, the thickness and placement 
of the sacrificial layer defines the thickness and place- 
ment of the gate of the vertical transistor. 
[0024] One embodiment of the present invention is 
described with reference to FIG. 2A- 2J. Referring to 
FIG. 2A, a heavily doped source region 105 is formed 
in silicon substrate 100. In this embodiment, the source 
region of the device is formed in the silicon substrate 
and the drain region is formed on top of the subsequent- 
ly formed vertical channel. In an alternate embodiment, 
the drain .region is formed in the substrate and the 
source region is formed on top of the subsequently 
formed vertical channel. The embodiment wherein the 
source region is formed in the substrate is the subject 
of this description. From this description, one skilled in 
the art could easily form a device in which the drain re- 
gion is formed in the silicon substrate and the source 



region is formed on top of the subsequently formed ver- 
tical channel. 

[0025] The depth of the heavily doped source region, 
the concentration of dopant therein and the type of do- 

5 pant (i.e. n-type or p-type) are all a matter of design 
choice. A heavily doped source region 105 wherein the 
dopant is phosphorus (P), arsenic (As), antimony (Sb) 
or boron (B), the dopant concentration is in the range of 
about 1 x 10 19 atoms/cm 3 to about 5 x 10 20 atoms/cm 3 , 

10 and the depth of the region in the substrate is less than 
about 200 nm, is contemplated as suitable. 
[0026] Referring to FIG. 2B, three layers of material 
110, 115, and 120, are formed over the heavily doped 
source region 105 in the silicon substrate 100. The first 

15 layer of material 1 1 0 is an electrically insulating material 
such as Si3N4. Material layer 110 electrically isolates 
the deep source region 105 from the overlying gate elec- 
trode (155 in FIG. 2J). Thus, material layer 110 is made 
of a material and has a thickness that is consistent with 

20 this objective. A thickness in the range of about 25 nm 
to about 250 nm is contemplated as suitable for material 
layer 110. 

[0027] A second layer of material 115 is formed over 
the first layer of material 110. However, the material of 

25 the second layer 115 has a significantly different etch 
resistance to a selected etchant than the insulating ma- 
terial of the first layer 110. Specifically, for the selected 
etchant, the etch rate of the material of the second layer 
115 is much higher than the etch rate of the insulating 

30 material of the first layer 110. It is advantageous if, for 
the selected etchant, the etch rate of the material of the 
second layer 115 is much higher than the etch rate of a 
semiconductor material in which the device channel is 
formed (i.e. the plug material (130 in FIG. 2D)). Crystal- 

35 line silicon is an example of a suitable semiconductor 
plug material. 

[0028] The thickness of the second layer 115 of ma- 
terial is selected to define the physical gate length of the 
device. This is because this second layer 115 is sacrifi- 

40 cial, i.e., it will be removed and the gate of the device 
will be formed in the space defined by this layer. When 
the sacrificial second layer 115 is removed, the gate ox- 
ide (1 50 in FIG. 2H) is formed on what is to become the 
channel of the device. 

45 [0029] A third layer of material 1 20 is formed over the 
second layer 115. The material selected for the third lay- 
er 120 is an electrically insulating material. It is advan- 
tageous if the insulating material in the third layer 120 
has a lower etch rate in the selected etchant than the 

50 material of the second layer 115. It is advantageous if 
the ratio of the etch rate, in the selected etchant, of the 
material in the second layer 115 to the etch rate of the 
material in the third material layer 120 is at least about 
ten to one. 

55 [0030] Referring to FIG. 2C, an opening such as a 
window or trench 125 (for convenience, window or 
trench will simply be referred to as a window hereinafter) 
is then etched through the three layers 110, 115, and 
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etch is illustrated in FIG. 2F. As a result of this etch, the 
portion of layers 135 and 120 that are exposed through- 
out the mask are completely removed. Also, the portion 
of layer 115 that is not covered by the mask is etched 
part way through its thickness. 

[0037] The substrate is then subjected to a wet etch 
or isotropic dry etch expedient. The etch rate of layer 
115 in this expedient is significantly faster than the etch 
rate of layers 110, 120, and 135. As illustrated in FIG. 
2G, due to the etch selectivity in the wet etch expedient, 
the sacrificial layer between layers 110 and 120 is com- 
pletely removed without removing a significant portion 
of layer 110 and the remaining portions of layers 120 
and 135. The portion of layers 120 and 135 over and 
adjacent to the top 140 of the silicon plug 130 remain. 
As a result of this etch the portion of the silicon plug 130 
that corresponds to the thickness of layer 115 is ex- 
posed. The exposed surface 145 of the plug 130 will be 
the physical gate length of the device being formed. 
[0038] The substrate is then heated in an oxygen-con- 
taining atmosphere to grow a layer of thermal oxide (not 
shown) on the exposed surface of the crystal silicon plug 
130. The thin layer of thermal oxide is removed using 
conventional expedients such a wet etch (e.g., aqueous 
hydrofluoric acid). As a result of the formation and re- 
moval of the sacrificial thermal oxide, the surface of the 
silicon plug 130 is smoother and some of the sidewall 
defects are removed. The particular conditions used to 
form and remove the sacrificial oxide are optionally se- 
lected to tailor the width of the silicon plug to a desired 
dimension. 

[0039] After the thin layer of thermal oxide is removed, 
a layer of gate dielectric (e.g. silicon dioxide, silicon ox- 
ynitride, silicon nitride or metal oxide) 150 (FIG. 2H) is 
formed on the exposed portion of the silicon plug 130. 
The thickness of the gate dielectric is about 1 nm to 
about 20 nm. In one embodiment, the silicon dioxide lay- 
er is formed by heating the substrate to a temperature 
in the range of about 700°C to about 1100°C in an oxy- 
gen-containing atmosphere. Other expedients for form- 
ing the gate dielectric, such as chemical vapor deposi- 
tion, jet vapor deposition, and atomic layer deposition, 
are also contemplated as suitable. Conditions for form- 
ing a gate dielectric of the desired thickness are well 
known to one skilled in the art. 

[0040] Referring to FIG. 21, a gate electrode is then 
formed by depositing a conformal layer 155 of suitable 
gate material (e.g. in situ doped amorphous silicon). The 
amorphous silicon is then subsequently recrystallized 
using conditions that do not significantly affect the do- 
pant profiles of the dopants in the silicon plug. Other ex- 
amples of suitable gate materials include polycrystalline 
silicon, silicon-germanium, and silicon-germanium-car- 
bon. Metals and metal-containing compounds that have 
a suitably low resistivity and are compatible with the gate 
dielectric material and semiconductor processing are al- 
so contemplated as suitable gate materials. It is advan- 
tageous for the gate material to have a work function 



that is sufficiently near the middle of the band gap of the 
semiconductor plug material. Examples of such metals 
include titanium, titanium nitride, tungsten, tungsten sil- 
icide, tantalum, tantalum nitride, and molybdenum. Suit- 
5 able expedients for forming the layer of gate material 
include chemical vapor deposition, electroplating, and 
combinations thereof. 

[0041] Referring to FIG. 2J, the layer 155 is patterned 
to form the gate 155. The gate configuration is largely a 
10 matter of design choice. However, the gate does sur- 
round the portion of the silicon plug with the gate oxide 
formed thereon. 

[0042] Another embodiment of the present invention 
is described with reference to FIGS. 3A-3P. Referring to 

15 FIG. 3A, a heavily-doped source region 205 is formed 
in silicon substrate 200. One example of a suitable sub- 
strate 200 is a silicon substrate doped with boron. The 
concentration of boron dopant is about 2 x 10 15 atoms/ 
cm 3 . The depth of the deep source region, the concen- 

20 tration of dopant therein and the type of dopant (i.e. n- 
type or p-type) are all a matter of design choice. An n + 
deep source region 205 wherein the dopant is antimony 
or arsenic, the peak dopant concentration is greater 
than 1 x 10 19 atoms/cm 3 , and the depth of the doped 

25 region in the substrate is less than about 200 nm, is con- 
templated as suitable. 

[0043] Referring to FIG. 3B, five layers of material 
210, 211, 215, 216 and 220, are formed over the deep 
source region 205 in the silicon substrate 200. The first 

30 layer of material 21 0 is an electrically insulating material. 
Material layer 210 electrically isolates the deep source 
region 205 from what will eventually be the overlying 
gate electrode (265 in FIG. 3P). Thus, material Iayer210 
is made of a material and has a thickness that is con- 

35 sistent with this objective. Examples of suitable materi- 
als include doped silicon oxides. In certain embodi- 
ments, the first layer is also used as a source for do- 
pants. The dopant source is used for doping the subse- 
quently formed vertical channel (FIG. 3C) of the device. 

40 One example of a silicon oxide doping source is PSG 
(phosphosilicate glass, i.e., a phosphorus-doped silicon 
oxide). One skilled in the art is aware of the suitable ex- 
pedients for forming a layer of PSG on a substrate (e.g. 
plasma-enhanced chemical vapor deposition (CVD)). 

45 Suitable thicknesses are in the range of about 25 nm to 
about 250 nm. 

[0044] A second layer of material 211 is formed over 
the first layer of material 210. The second layer is in- 
tended as an etch stop. An etch stop, as one skilled in 

so the art is aware, is designed to prevent an etch from pro- 
ceeding to an underlying layer or layers. One skilled in 
the art is aware that the selection of an etch stop layer 
is determined by the particular etch expedients used to 
etch the overlying layers. In the process of the present 

55 invention wherein the overlying layers are PSG and un- 
doped silicon oxide (e.g. silicon oxide formed from tetra- 
ethylene ortho silicate (TEOS)), an etch stop material 
that effectively stops etchants for such materials from 
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penetrating to underlying layers is selected. Silicon ni- 
tride, Si 3 N 4 , is contemplated as a suitable etch stop ma- 
terial. The thickness of an etch stop layer is largely de- 
pendent upon the resistance of the etch stop material to 
the selected etchant (i.e. to be an effective etch stop, 
the etchant cannot penetrate the etch stop layer in the 
time needed to conduct the etch). 
[0045] A third layer of material 21 5 is formed over the 
second layer of material 211. However, the insulating 
material of the third layer 21 5 has a significantly different 
etch resistance to a selected etchant than the insulating 
material of the etch stop layer 211 . Specifically, for the 
selected etchant, the etch rate of the insulating material 
of the third layer 215 is much higher than the etch rate 
of the insulating material of the etch stop layer 211 . 
[0046] The thickness of the third layer of material 215 
is selected to correspond to the gate length of the de- 
vice. When the sacrificial third layer 215 is removed, the 
gate oxide (250 in FIG.. 3M) is formed on what is to be- 
come the channel 260 (FIG. 3P) of the device. 
[0047] A fourth layer of material 216 is formed over 
the third layer 215. This fourth layer of material 216 has 
the same function as layer 211 . Therefore the consider- 
ations that govern the selection of a material and thick- 
ness of layer 211 , govern the selection of a material and 
thickness for layer 216. 

[0048] A fifth layer of insulating material 220 is formed 
over the fourth layer 216. It is advantageous if the insu- 
lating material in the fifth layer 220 has the same etch 
rate in the selected etchant as the insulating material of 
the first layer 210. From the standpoint of ease of 
processing, it is advantageous if the material of the first 
layer 210 is the same as the material of the fifth layer 
220. 

[0049] Referring to FIG. 3C, a window 225 is then 
etched through the five layers 210, 211, 215, 216 and 
220 to the heavily-doped region 205 of the silicon sub- 
strate 200. The diameter of the window is determined 
by the size constraints for the particular device and the 
limitations of the lithographic techniques used to form 
the window. The window is formed using conventional 
lithographic techniques. The window 225 is then sub- 
jected to a chemical clean (e.g. RCA or piranha-clean) 
to clean the silicon at the bottom of the window. As a 
result of this cleaning step, a small portion of the layers 
210 and 220 adjacent to window 225 are removed. The 
results of this etch are illustrated in FIG. 3D. 
[0050] Referring to FIG. 3E, the window 225 is then 
filled with a crystalline semiconductor material (e.g. sil- 
icon) 230. Techniques for forming single crystalline sili- 
con in windows are well known to one skilled in the art. 
In one embodiment, epitaxial silicon is deposited selec- 
tively in the window 225. In another embodiment, amor- 
phous silicon is deposited over the entire substrate sur- 
face and all but the silicon 230 deposited in the window 
225, and a small portion 231 at the top of the window, 
is removed. The amorphous semiconductor material is 
then recrystallized by annealing the substrate. 



[0051] The crystalline semiconductor plug 230 
formed in the window 225 becomes the channel of the 
device (260 in FIG. 3P). Therefore, the crystalline sem- 
iconductor plug 230 is doped. It is advantageous if the 

5 dopant for channel region 260 is introduced in situ as 
the plug 230 is being formed. However, implantation of 
the dopant is also contemplated as suitable. 
[0052] After the window 225 is filled with crystalline 
semiconductor 230, and the semiconductor 230 is 

10 doped in the desired manner, a sixth layer of material 
235 is formed over the substrate as illustrated in FIG. 
3F. The layer 235 is a material that provides for a self- 
aligned top contact (drain contact 235 in FIG. 3G). One 
example of a suitable material is doped polycrystalline 

15 silicon. The selected dopant is a type of dopant that is 
opposite the type used to dope the silicon channel (260 
in FIG. 3P). The concentration of the dopant is greater 
than about 10 20 atoms/cm 3 . 

[0053] As illustrated in FIG. 3F, a layer of material 236 
20 is deposited over layer 235. This material is patterned 
. so that the remaining portion overlies the crystalline 
semiconductor plug 230, and the region adjacent there- 
to (FIG. 3G). The material for layer 236 is selected to 
have an etch rate that is significantly lower than the etch 
25 rate of the material of layer 215 in the etchant selected 
to remove layer 215. In this regard it is advantageous if 
the material selected from layer 236 is the same as the 
material of layers 211 and 216. One example of a suit- 
able material is silicon nitride. The layer of silicon nitride 
30 236 is formed over the layer 235 using the previously 
described techniques. 

[0054] As illustrated in FIG. 3G, using conventional 
lithographic techniques, layers 236, 235 and 220 are 
patterned (using one or more dry etch steps) so that only 

35 those portions of the layers either overlying the silicon 
filled window, and/or adjacent to the silicon filled win- 
dow, remain. The remaining portions of layers 220, 235, 
and 236 form the drain of the device. As illustrated in 
FIG. 3H, a layer of material 240 then deposited. The ma- 

40 terial for layer 240 is selected to have an etch rate that 
is significantly lower than the etch rate of the material of 
layer 215 in the etchant selected to remove layer 215. 
One example of a suitable material for layer 240 is sili- 
con nitride. The thickness of layer 240 is selected so 

45 that the remaining portions of layers 235 and 220 are 
protected from contact with subsequent etchants. Layer 
240 is then etched using an anisotropic etchant such as 
a dry plasma etch. As illustrated in FIG. 31, the only por- 
tion of layer 240 that remains after the anisotropic etch 

so is the portion adjacent to layers 220 and 235. As a result 
of this etch, layer 21 5 is exposed. 
[0055] The substrate is then subjected to a wet etch 
(e.g. aqueous hydrofluoric acid) or an isotropic dry etch 
(e.g. anhydrous hydrofluoric acid), which removes the 

55 exposed, remaining portion of layer 215. As illustrated 
in FIG. 3 J, the remaining portion of layer 210 is still cov- 
ered by layer 211 and layers 220 and 235 are encapsu- 
lated by the remaining portions of layers 216, 236, and 
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240. Consequently, the remaining portions of layers 
210, 220 and 235 remain isolated from contact with sub- 
sequent etch xpedients. 

[0056] Referring to FIG. 3K, a layer of sacrificial ther- 
mal silicon dioxide 245 is grown on the exposed surface 
of silicon plug 230. Sacrificial silicon oxide thicknesses 
on the order of less than about 10 nm are contemplated 
as suitable. The sacrificial silicon oxide 245 is then re- 
moved (FIG. 3L) using a conventional isotropic etch (e. 
g. aqueous hydrofluoric acid). As a result of the forma- 
tion and removal of the sacrificial oxide, the surface of 
the silicon plug 230 is smoother and some of the side- 
wall defects are removed. Layer 211 prevents the wet 
etch expedient from contacting layer 210. As a result of 
this etch the portion of the silicon plug 230 that corre- 
sponds to the deposited thickness of layer 215 is ex- 
posed. The exposed portion of the plug 230 defines the 
physical gate length of the device being formed. 
[0057] The substrate is then subjected to conditions 
which form a layer of gate dielectric 250 on the exposed 
portion of the silicon plug 230. The resulting structure is 
illustrated in FIG. 3M. The thickness of the gate dielec- 
tric 250 is about 1 nm to about 20 nm. One example of 
a suitable thickness is 6 nm. In For example, if the sem- 
iconductor plug is silicon, a gate dielectric layer of silicon 
dioxide is formed by heating the substrate to tempera- 
ture in the range of about 700°C to about 1100°C in an 
oxygen-containing atmosphere. Other expedients for 
forming gate dielectrics (e.g. chemical vapor deposition, 
jet vapor deposition, or atomic layer deposition) are also 
contemplated as suitable. Conditions for forming a gate 
dielectric of the desired thickness are well known to one 
skilled in the art. 

[0058] Referring to FIG. 3N, a gate electrode is then 
formed by depositing a layer 255 of sufficiently confor- 
ma! and suitable gate material (e.g. a layer of doped 
amorphous silicon in which the dopant is introduced m 
situ ). The amorphous silicon is then subsequently re- 
crystallized to form polycrystalline silicon. The dopant 
concentration is sufficient so that the resistivity of layer 
255 is sufficiently low. Referring to FIG. 30, the layer 
255 is patterned to form the gate of the device 265. The 
gate configuration is largely a matter of design choice. 
However, the gate does surround the portion of the sil- 
icon plug 230 with the gate oxide 250 formed thereon. 
[0059] Referring to FIG. 3P, dopants are then driven 
into the crystalline semiconductor plug 230 by solid 
phase diffusion from dopant source layers 210 and 220 
to form source 232 and drain 233 extensions. The ad- 
vantage of this technique is that the source and drain 
extensions (and, consequently, the channel of the de- 
vice) are aligned with what will become the gate of the 
device. The concentration of the dopant in the portion 
of the crystalline semiconductor plug 230 that is doped 
by solid phase diffusion for source layers 210 and 220 
is typically at least about 1 x 10 19 /cm 3 , with dopant con- 
centrations of about 5 x 10 19 /cm 3 contemplated as ad- 
vantageous. With this solid phase diffusion technique, 



very shallow source and drain extensions are obtaina- 
ble. The distance that the source 232 and drain 233 ex- 
tensions penetrate into the plug 230 is preferably less 
than one half of the width of the plug. Limiting dopant 

5 penetration in this manner avoids significant overlap in 
doped regions from opposite sides of the plug 230. Also, 
the distance that the source 232 and drain 233 exten- 
sions extend under the device gate is preferably limited 
to less than one-fourth of the gate length. The dopants 

10 are of the opposite type of the dopant that is in the chan- 
nel region 260 of the plug 230. 

[0060] In an alternate embodiment (not shown), the 
top portion 231 of the silicon plug 230 (FIG. 3E) is pol- 
ished back so that the top of silicon plug 230 is co-planar 

15 with the top of layer 220. An expedient such as chemical 
mechanical polishing is contemplated as suitable. Pol- 
ishing back the top portion of the silicon plug 230 in this 
manner allows for better control of the diffusion of do- 
pants from layer 235 into the silicon plug 230 to form the 

20 top source/drain contact. 

[0061] In yet another alternate embodiment, a thin 
layer (e.g. a thickness of about 25 nm) of. undoped sili- 
con dioxide is formed over layer 205. Referring to FIG. 
3E, this layer (not shown) acts as a barrier to solid phase 

25 phosphorous dopant diffusion from the heavily-doped 
dopant-source layer 210, down through layer 205, and 
up in to the silicon plug 230 as it is formed. 
[0062] The embodiments described above are provid- 
ed to illustrate specific examples of processes that uti- 

30 lize the present invention. One skilled in the art will ap- 
preciate that there are many process sequences, mate- 
rials, and expedients that are useful for practicing the 
present invention. The present invention is not to be 
construed as limited to the illustrative embodiments, but 

35 only as is required by the appended claims. 



Claims 

40 1. A process for fabricating a vertical transistor com- 
prising: 

forming a first device region selected from the 
group consisting of a source region and a drain 
45 region of a semiconductor device in a semicon- 

ductor substrate; 

forming at least three layers of material over the 
first device region in the semiconductor sub- 
strate wherein the second layer is interposed 
so between the first and the third layers; 

forming a window in the at least three layers of 
material, wherein the window terminates at the 
first device region formed in the semiconductor 
substrate; 

55 filling the window with a semiconductor material 

thereby forming a semiconductor plug in the at 
least three layers of material, wherein the plug 
has a first end and a second end and wherein 



8 



15 



EP 0 989 599 A1 



16 



the first end is in contact with the first device 
region; 

forming a second device region selected from 
the group consisting of a source region and a 
drain region in the second end of the silicon 
plug, wherein one of the first and second device 
regions is a source region and the other is a 
drain region; 

removing a portion of the third layer, thereby ex- 
posing the second layer underlying the re- 
moved portion of the third layer; 
removing the second layer, thereby exposing a 
portion of the semiconductor plug; 
forming a layer of dielectric material on the ex- 
posed portion of the semiconductor plug; 
forming a gate in contact with the layer of die- 
lectric material. 

2. The process of claim 1 wherein the second layer is 
removed by etching in an isotropic etchant, wherein 
the first layer has a first etch rate, the second layer 
has a second etch rate, and the third layer has a 
third etch rate in the etchant, and wherein the sec- 
ond etch rate is at least ten times faster than the 
first etch rate and the third etch rate in the etchant. 

3. The process of claim 1 or claim 2 wherein the sem- 
iconductor plug is a doped semiconductor plug and 
wherein the dopant is selected from the group con- 
sisting of n-type dopants and p-type dopants. 

4. The process of claim 3 wherein the semiconductor 
material is a crystalline semiconductor material and 
is selected from the group consisting of silicon, sil- 
icon-germanium, and silicon-germanium-carbon 
and wherein the doped semiconductor plug is 
formed by introducing the dopant into the semicon- 
ductor material in situ as the semiconductor mate- 
rial is deposited in the window or by implanting the 
dopant into the semiconductor material after it is de- 
posited in the window. 

5. The process of any of the preceding claims wherein 
the first layer and the third layer are of an electrically 
insulating material. 

6. The process of claim 5 wherein the electrically in- 
sulating material is selected from silicon nitride, sil- 
icon dioxide, and doped silicon dioxide. 

7. The process of claim 1 further comprising forming 
an etch stop layer over either the first layer of ma- 
terial, the second layer of material, or both the first 
and second layers of material. 

8. The process of any of the preceding claims further 
comprising forming a diffusion barrier layer over the 
first device region before the at least three layers of 



material are formed thereover. 

9. The process of claim 6 wherein the electrically in- 
sulating material is doped silicon dioxide that is a 

5 dopant source for a source extension and a drain 

extension and wherein the process further compris- 
es doping the semiconductor plug with dopant from 
the lirst layer and the third layer to form source and 
drain extensions in the semiconductor plug. 

10 

10. The_ process of claim 9 wherein the type of dopant 
in the doped silicon dioxide is selected from the 
group consisting of n-type and p-type and wherein 
the dopant is opposite the dopant type in the sem- 

15 iconductor plug. 

11. The process of any of the preceding claims further 
comprising forming a layer of thermal oxide on the 
exposed portion of the semiconductor plug, remov- 

20 jng the layer of thermal oxide, and then forming the 
layer of dielectric material on the exposed portion 
of the semiconductor plug. 
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